Figure 1. Construction and Expression of a Targeted Mutation in Mouse Hey2
(A) The targeting vector is shown at the top, the normal genomic locus is shown in the middle panel, and the targeted allele is shown at the bottom. The 5Ј homology arm is a BstXI fragment that extends within the first exon and is fused in frame to lacZ. The 3Ј homology arm extends from a SpeI site within the third exon to a Sau3A1 site within the third intron. A homologous recombination event is predicted to completely delete intron 1, exon 2, and intron 2 and to delete parts of exon 1 and 3. The locations of the 5Ј and 3Ј external probes used for G. Martin) using a human Hey2 cDNA probe (IMAGE sion similar to that reported for endogenous Hey2 [6-8].
In particular, expression within the embryonic heart was clone 531909) [28] . In the targeting vector, lacZ was fused in frame to codon 19 in the first exon of Hey2, predominantly within the developing ventricles, and expression was also observed within developing arteries leading to a predicted null allele (Hey2 lacZ ) that encodes a Hey2-lacZ fusion protein lacking the basic helix-loop-( Figures 1C-1F ). Heart and arterial expression persisted postnatally (data not shown). Reporter gene expression helix, Orange, and YXXW domains (Figure 1) Litters were collected in utero during the second half of embryonic development, on postnatal day 0 (P0) or P1, or at weaning (3-4 weeks postnatal), and Hey2 genotype was determined by PCR. 2 analysis was used to determine the probability that the genotype frequency differed from the expected Mendelian ratio due simply to chance. derrepresented at weaning (Table 1) . Whereas genotype frequencies of litters collected in utero or shortly after birth approached the expected Mendelian ratios, at weaning only about 3% of the progeny were Hey2 lacZ/lacZ (P value 9.6 ϫ 10
Ϫ9
). Most of the Hey2 lacZ/lacZ progeny died within the first ten days after birth. Hey2 lacZ/ϩ mice were morphologically indistinguishable from wild-type animals, but necropsy of homozygous mutant pups showed consistent malformations of the heart. Typically, the hearts were enlarged with an abnormal pear-shaped configuration, and animals that survived into the second postnatal week displayed right and left ventricular hypertrophy (Figure 2 ). On sectioning, the most frequent malformation observed was a membranous ventricular septal defect with overriding aorta (Figures 2C and 2D ). This defect was seen in all Hey2 lacZ/lacZ progeny examined in the late prenatal and early postnatal period (n Ͼ 20). In addition to the defect of the membranous portion of the interventricular septum, some animals showed a defect of the muscular septum as well ( Figures 2C and 2D ). Ventricular septal defects have also been observed in Hey2 mutant animals independently (M.T. Chin, personal communication).
Ventricular septal defects often lead to hemodynamic compromise due to shunting of blood between the pulmonary and systemic circulations. To investigate the potential for pathological shunting of blood flow, the right atria of postnatal hearts were infused with a blue methacrylate resin to produce casts of the cardiac lumen ( Figures 2E-2H) . In wild-type and heterozygous animals, the dye passed from the right atrium into the right ventricle and out through the pulmonary artery ( Figures  2E and 2G) . In Hey2 lacZ/lacZ animals, the dye passed from the right atrium not only into the right ventricle, but also crossed the ventricular septal defect to fill the left ventricle. The dye then flowed into the aorta and pulmonary artery (Figures 2F and 2H) . These results are consistent with the observed morphologic defects leading to abnormal shunting of blood flow.
The pulmonic outflow tract was carefully examined in fifteen Hey2 lacZ/lacZ hearts, and six of these showed pulmonic stenosis in addition to the ventricular septal defect and overriding aorta (Figure 3 ). This constellation of defects, along with the secondary hypertrophy ob- Figures 4E and 4F 
